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SPACECRAFT CHARGING CONTROL BY THERMAL, FIELD EMISSION 
WITH WANT! IANUM-I IHXAHORTDE EM TITERS 


by Juntos F. Morris 
NASA Lewis Research Center 
Clovelnml, Ohio 


SUMMARY 


Recent, Ly R. Grnrd (J. Gcophys. Rsch., V. 81, No. L0 p. 1805, 
April 1976) elaborated on his concept of using cold tungsten field 
emitters For "spacecraft charging control" and for environmental 
plnsmu diagnoses. The present paper suggests instead thermal, field 
emitters of lanthanum (or perhaps cerium) hexabori.de (Lallf,) with 
temperature variability up to - ISOOK. Such emitters operate at much 
lower voltages with considerably more control and add plasma-diag- 
nostic versatility. These gains should outweigh the additional com- 
plexity of providing heat for the l,aB(j thermal, field emitter. 


THE CONCEPT OF SPACECRAFT-CHARGING CONTROL WITH FIELD EMISSION 


Field-emission control of negative spacecraft charging in ener- 
getic plasmas is a concept discussed in references 1 and 2. Left 
uncontrolled, superficial potentials often build to several kilovolts 
when photo- and secondary-emissive effects fail, to counteract the 
collection of high-energy electrons (refs. .1 to 5). This condition 
occurs on eclipsed spacecraft or shadowed, insulated surfaces. And 
charge accumulation could arise near Jupiter where photoemission is 
one and a half orders of magnitude lower than that in the orbit; of 
the earth (ref. 1). Such effects complicate spacecraft operations 
and environmental measurements (ref. f>) . 

Solutions to spacecraft-charging problems include thermionic 
and plasma ejections of collected energetic electrons (ref. 5) as 
yell a$ field emission, which also allows plasma diagnoses (refs. 

1 and 2) . References 1 and 2 logically propose cold tungsten (W) 
field emitters ns simple, economical, control devices. But good 
reasons also exist for using lantluinum-ltexuboride (I,ftB 6 ) field emit- 
ters with moderate heating capabilities. This paper presents some 
advantages of the latter arrangement as a contribution to enable 
enlightened selection of a method for controlling spacecraft charging. 



The present report advoca t on field emitters of 3>le, ltui, und/or 
LIU *\8 oVl tret's. 7 to l.'l rather than W bfy, >1 . h eVl . 

Probe points \»ith r tut 1 1 of curvature smaller than to L cm are readily 
attainable (.private communication with U W. Scansonl. bo such dimen- 
sions in conjunction with up to severa l Ki lovo lts between the space - 
craft and its environment determine local electric fields In appropriate 
eonf.igurat ions. Also considered are field emitter thermal variations 
up to IhOOki Such variability should alter much greater opera t inn 
range, & and flexibilities than void if field emitters to justify the 
i nc v ea sod e omp t i c a t i on . 
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thermal, field emission brings an additional decree of freedom 
to the concept of spacecraft -charging, control advanced in references 
i and Nor thermionic emission adds to field emission, And although 
this sain may be unimportant for a field emitter opera Linn at 10'' V/cm, 
it can lie critical at I0 tui ' V/cm. 

These extremes as cel l as the middle ground appear In figures 
t to .Si figures 1 to *1 comprise trends of emission current densities 
and of cooling voltages taken from reference l.v. And figures h to 8 
are corking versions plott ed from reference- id data. The results 
derive from an image potent lal terminated at the emitter Permi level 
as in the figures on page 7 of reference IS, page ,17 S of reference 
in, and page a of reference 17. Pi oUU emission studies often rely 
on the Pooler, Nordhelm solution or its thermal modification (ref. 181- 
both based on the nonterm hinted Image potential (NIP1, Hut all the 
previously mentioned figures represent the terminated image poten- 
tial iTtl'l modeled, mathematically described, discussed, and compared 
in reference 17 ^md In the Appendix, for the reader’s convenience! » 

The TIP is relatively complicated and yields more conservative omls 
s ton current densities than the NIP, particularly at very high elec 
trie fields. 

Uut cliat electric fields (P 0 1 are probable In the spacecraft 
charging problem? list i mates are possible using the charging poten- 
tials (VI (several kilovolt si , the radius of curvature for the field- 
emitter point (r) (10**$ cml , and an equation from reference ip: 

,'U ,\1 \ 

l‘o '^'sph * ''I I hyp * V\|. ’ II 

The total field comprises contributions from spheroid I ike (l ; s .,^l 
and hyperboloUU.li.ke (Pgypl tip-snnpe effects, However, if the 
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field-emitter point is predominantly hyperboloid, ns is often the 
case, the shape Factor « is zorot 

2V 10 5 V 10 5 V io 5 v 

p Q ~ Q » "T* (For ls2,5 cm) * "T (For 1=2,5 m) * S (For 1=0.25 km} 

X* 

10 ? V (For 1=25 km} 10 S V (For 1=2500 km} 2} 


Hero 1 is the distance From the field emitter to the effective anode. 

So for representative spacocraf t -charging calculations using a hyperboloid 
emitter point with n 10* b cm radius of curvature, a good field ap- 
proximation is possible: 

p 0 t O.’VxlO 5 V/em 3) 

Thus, spacecraft charging to several kil&volts (refs. 1 to 5} 
is equivalent to ~ HrV/cm for field emission or about Oxl 0 / A/cnr 
vdtb a W field emitter (neglecting the limitations of the TIP theory}, 
gut even a high-melting, well -conducting W point requires microsecond 
pulsing not faster than ~ 1000 sec" 1 to avoid destruction at such 0 
current densities (ref. 151, for continuous operation ~ 10* A/ cm 1 * 
is desirable, However* IQ 7 * 5 V/cm (- l.h kilovolts) reduces emission 0 
to «. 20 A/ cm2. And 10 7 V/cm or about 5U0 volts results in ■*' 10“ w A/ cm* 
for a cold W field emitter, So additional degrees of freedom seem 
desirable to allow spacecraft-charging reduction at lower voltages 
and 'with more than rnthcr-precipitous control. 

With 10 7 V/cm hall, field emitters produce * 0,1 A/cm 2 cold, 

- 70 A/cm 2 at 1000 K, and ~ 10‘* A/cm 1 * at 1500K. Using 1500K ball,, 
field emitters yields - 100 A/cm 2 at It) 6 * 5 V/cm or about 100 volts 
of spacecraft charging. In Fact 1500K LaB b emits *' l A/cm** with 
effectively no electric field. Of course, in the absence of space- 
charge neutralization by plasma ions, some small voltage is desirable 
to maintain a zero or slight electron-accelerating field. This condi- 
tion, allows unhindered thermionic or even Sehottky emission (Appendix: 
page 6}, W requires - 2550K to emit ~ 1 A/cm 1 *. And LaBf, field emit- 
ters maintain their points more effectively than their tungsten counter- 
parts at temperatures well above 1500K and at great electric lie Ids 
(private communication with h. Swanson) . 

Cerium hexnbovidc (CeB 6 ) has slightly higher vapor pressures 
but somewhat lower work Functions than L«B 6 (actually La to LaB(,j 
refs. 7 to 10, 20, 21), So CeBq thermal field emitters should also 
prove to be good candidates for spacecraft-charging control. 


ADVANTAGES 01* SPACECRAFT-CHARGING C0NTR01, 

WITH l.aB 6 THERMAL, FIELD EMITTERS 

Reference 1 advocates a probe with cold W field emitters for 
"spacecraft charging control" and for environmental plasma diagnoses. 


'I 


The present paper recommends instead thermal, field emitters of hall 
(or perhaps Cell ) with temperature variability up to ~ 1500K. The " 
hallg thermal, field emitters relieve Spacecraft charging at much lower 
voltages with considerably more control. These advantages come at 
the cost of additional complexity in providing heat for the haB f) 
thermal, field emitters, lint such heating practices are common ’in 
laboratory studies of thermal, field emission. The MB 6 thermal, 
field emitter also adds versatility to the plasma-diagnostic capa- 
bilities of the probe. So the choice is one of sacrificing some 
simplicity for greater operating range, flexibility, and control. 
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THERMAL, FIELD EMISSION WITH A TERMINATED IMAGE POTENTIAL 

by James F, Morris 
Lewis Research Center 

SUMMARY 

* 

This paper develops a theory for thermal, field omission with an Image potential that 
terminates at the emitter Fermi level, The resulting equations predict currents over 
and through the confining potential barrier. In addition, penetration probabilities and 
their generating functions are tabulated for fields from 10 l) to 10® volts per centimeter 
and for all emitter Fermi levels and work functions, Results arc compared with those 
obtained for the nonlcrminated image potential, 

INTRODUCTION 

Interest in the effects of high electric fields on electron emission increases steadily. 
This growing importance of thermal, field emission is the result of better products. 

Many electronic devices improve, and new ones evolve with the accelerating utilization 
of dense currents from intense fields. Furthermore, the use of thermal, field emission 
in instrumentation and microscopy expands continuously. Therefore, there is a need to 
understand better the mechanism of electron emission, and this theoretic work aims at 
that goal. 

Electron emission increases in two ways when the electric field applied to the emit- 
ter rises. The field reduces both (he height and the width of the potential barrier that 
confines the electrons; thus, more current passes over and through the diminished bar- 
rier, Both suprabarrior and intrabarrier emission processes are examined in the 
present study, 

The electron escape rate at high fields depends strongly on the value a't which the 
freespace potential ends on die emitter face. For this reason, most theoretic ap- 
proaches to thermal, field emission began with some type of terminated image potential, 
but for simplicity, the ordinary (nonterminated) imago potential was used in the deriva- 
tions. In this work, an image potential that joins the surface at the Fermi level is used 
throughout. Because a surface potential higher than the Fermi level is difficult to 
justify, thermal, field emission theories for the nonterminated image potential (NIP) and 
tills terminated version (TIP) probably bracket reality. 



tt 


The. present paper presents approxl muttons for suprabarrier emission (Richardson- 
Bushman, Scholtky, and aero- and first-order TIP). lntrabarrier emission is indicated 
by a tabulation of penetration probabilities for fields from 10° to 10° volts per centimeter 
and for all emitter Fermi levels and work functions. With these transmission cooffi- 
elenls, the electron supply function, and the suprabarrier emission equation, the total 
thermal, field omission current can bo estimated. 

THEORY 

The object of lids quest is the prediction of suprabarrier and Intrabarrier thermal- 
field emission for an Image potential that terminates at the Fermi level on the emitter 
face. 


TIP Barrier 

Traditionally, the simple Image potential connects with some arbitrary curvature to 
the bottoai of the conduction band at the surface of the emitter (ref, 1). This alters the 
potential barrier slightly from that for the uontorminaled image except at high field 
intensities* Therefore, the complications of the terminated image potential yielded to 
the simplicity of the ordinary image in most developments, At moderate fields, this is 
an appropriate approximation, but what are the high-ftetd effects of a TIP? 

in picking the point of potential termination, superficial conditions must be con- 
sidered. Because surface atoms cannot satisfy their electron needs by lattice continua- 
tion, they attract electrons and unbalance the local charge, Furthermore, space-charge 
equilibrated emission hangs, a compact cloud of electrons about emitter boundaries; thus, 
the electron potential rises sharply at the face of the metal, 

A near-equilibrium condition must prevail Tor any simple emission theory to apply. 
In this model, the Fermi level remains constant throughout the metal, and the great 
number of electrons near the Fermi level satisfies the need tor excess surface elec- 
trons with negligible depletion of the bulk distribution, Therefore, It appears that the 
electron potential might approach but not exceed the Fermi level at die surface of a 
pure metal, 

For this reason, an image potential Hint ends at the Fermi level on the emitter face 
was chosen as the other limit of a range of simple theories for thermal, field emission 
that begins with the ordinary image. 

Because the path between the superficial anti internal emitter electron potentials is 
unknown, the present model sides with simplicity and drops from the Fermi level to 


tho bottom of the conduction band on 
the surface, Tills vortical wall and 
Ms crowning; corner create questions 
of electron reflections at abrupt po- 
tential changes, The wall and corners 
of Uie TIP model, however, are 
mere approximations of a rapidly but 
smoothly changing potential; they have 
no physical significance. Further- 
more, tho ordinary image potential approaches vertlcality near the emitter surface. So 
In line with previous field-emission theory, high rates of potential change, where elec- 
trons are reflected, are neglected. 

Figure 1 diagrams tho barrier formed when the potentials for a freespaco electron 
and for the metal connecl at the emitter surface (Symbols are defined in the appendix). 
Props! (ref. 2) used this type of TIP to predict the energy distribution of electrons 
ejected from tungsten by low-energy helium ions (ire'* - ), 

n 

The terminated Image potential (TIP a - o /(‘lx + o/vO) results from shifting Uie 
ordinary imago (NIP = - o“/4x) to intercept the emitter face at the Fermi level; this 
is an 0. 8-angstrom move for a 4, 5-voit work function. 




( 1 ) 


( 2 ) 


(3) 
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for floUln up lo «/M0 /3,G rolls per centimeter; higher fields maintain ihe maximum 
potential al the Fermi level on the emitter surface, 

Of course, in tho Nil? ease, 
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The potcnllal maximum equals the minimum Kinetic energy (based on the outwardly 
directed velocity component) that an internal electron requires lo escape the emitter in 
simple suprabarrmr emission theory. 

These outgoing electrons within the metal distribute in the following manner (ref. G); 


PC* 



This distribution, integrated from the potential barrier maximum to infinity, yields the 
equation for supralm'rier emission: 
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Thev.ero order approximation its the TIP version of the Sehuttky equation. 


Approximation for Suprabarrfer Emission 

Two aupraharrier emission equations compare clearly as the log; of the ratio of 

their current densities for a riven set of conditions. This approach eliminates debates. 

<1 

about off iv live areas ami coefficient# (iSOT*) nud -reduces the comparison to the cUN 
foresee of two exponents, An electric- field effect might then be considered significant 
when live v urrent- density ratio for the two emission equations reaches 1,001 or 0,000. 
This is the comparative criterion in the following evaluations for T in °l\, v‘ In volts, 
and E in volts per centimeter. 

With these stipulations, little effort is required to isolate the areas of apparent ap- 
plicability of Richardson Rush man (UR), tjchottUy (S', and **,ero- (TIP •O') and first-order 
(Tl.P-1) TIP approximations for suprabarrler electron emission. 

In the following comparisons, the particular emission equation appears im- 
mediately after Its name and is attended by the electric field at which its current density 
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differs by 0. 1 poreent from that of the next move complicated omission expression; »\t 
course, il the field wore increased, the difference would ho greater; 
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Both the TIP and NIP -equations raise questions when fields rise to near to 1 volts 
per centimeter. At this value, the potential maxima for these two models lie between 
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r> and 0 angstroms from the emitter uorfnco. lloenuso this In near the atomic dimen- 
sion, the assumptions of the TIP met NIP models approximate the actual physical 
situation poorly. 
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TIP Tunneling 


The kino! lo energy of a tunneling electron Is nctvatlvo, uiul therefore, Us momentum 
Is Imaginary, Bo within Iho emission barrier, no electron Ilea leas likely nl x •!• Ax 
limn nl x In accordance with the probability-density ratio for the two locations: 


P r 


+ Ax)^(x + AxV oxpj;illk[(x,Axi| (.2[k| Ax) 


i// + (x)^'(x) 


exp(-il|k|x) 



The product of such successive probability ratios through tv barrier for a particular 
electron indicates the odds for escape by tunneling, Tills product of Inc re menial prob- 
ability ratios merely requires a sumnmllon of the exponents; thus, In Urn limit 
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wluu'o Xj null x,, Hi'o tho Uiruhnv potato (e «> oV) too tho Inm'loc (flu. 1). 

Consequently, tin' ponoU'nlion thom\y Ton (ho Til 1 omltnUon barrioo bophiO with (ho 
nsouiuptloiu] mut I’oatrlottono of (ho WK1) thouey, ami Hint loimm llltlo VmI thy actual 
luk'iimllon unit evaluation of the tnuwmuiolon ooolTiolonl (eq» (7)); 
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and the penetration probability (cq. (9)) becomes 

P r) exp C(ct, K)t((v, 0)] 

As 6 — 0 with nonzero ft, 
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Those forms arc Identical with those for the nouterminnted lmnp;o potential, because as 
6-0, (p — ra and onuses TIP - NIP. 

Doll' distances and potentials are veal in the TIP model; consequently, «, ft, 6, 
and j; am nil positive. Therefore, the number under the radical In equation (11) for 
t)g | must fall between zero and one. 
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tinchrmqvoof tv yields positive ij j's mid i^'s; however, the blither mono gives netm-* 
live valuos of Tims, only the lower « mono is physically meaningful; the upper 
limits for tv in the TIP model are shown In table l, 
i'mr 6 N l, 



cannot climb to unity regardless of the o* value; thus, Inequality (ill) Is satisfied. 
Now equation (I!!) ran be integrated. 
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and, of course, F(‘I>,K) and E(<I),K) are incomplete elliptic integrals of the first and 
second kinds, respectively. 

O 

Because ?/ 0 = ?/-j lQr 5 < 1 and i}q = (cy/2) 6 for <5>1, two solutions for 1(01,5) 
result. For 5 < 1, 


<I> = sin 
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/ V 2 ~ Vp W 2 
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where F(K) and E(K) arc complete elliptic integrals of the first mid second kinds, 
respectively. For 6 > 1, 


( 22 ) 



Values of C(cv, E), T( rv.fi), and P are given in tables II to IV. More P values can 
bo computed with other permutations of tile tabulated C and I results. 


These penetration probabilities can be used with the distribution function for out- 
going electrons (eq. (4)) to predict tunneling currents for the TIP emission barrier. 

The ranges of parameters for which C, I, and P are tabulated are extreme; cer- 
tain of these parametric combinations produce conditions that preclude simple 
emission-barrier models or that cannot be realized physically. Therefore, the limita- 
tions of thermal, field omission theory should be checked before the results are applied. 





limitations of Thermal, Field Emission Theories 

First, the effects of the TIP on thermal, field emission can he observed, TIP 
supra barrier omission was compared with the Schotlky (NIP) equation in an earlier sec- 
Uon (Approximations for Supra barrier Emission). The previous section and tables II 
to IV examine the NIP and TIP penetration probabilities; values for 5 = 0 are 
identical with NIP transmission coefficients (ref. *1), The differences between NIP 
and TIP theories are therefore obvious. 

Neither the NIP nor the TIP barrier model stands under certain extreme condi- 
tions. For example, when the distance from the emitter face to the outside of the 
barrier reduces to near-atomic dimensions, the assumption of a smooth metal surface 
falls. Furthermore, if the emission density becomes a significant fraction of the 
internal electron density, the near-equilibrium assumption fails, and the Fermi- Dirac 
distribution cannot be used. Since these are high- field symptoms, both the NIP and 
TIP theories decrease in applicability as the electric field increases, 

In addition to those simple problems, penetration difficulties must be considered. 

It was noted earlier that reflections caused by abrupt potential changes are not con- 
sidered in the NIP and TIP models. It was also mentioned (hat live WKB restrictions 
apply; Ihese requirements reside in the expression 





which is the condition for negligible reflection of an electron wave, Obviously, then, the 
WKB approximation falters when p - 0; this condition occurs near the turning points 
and near the maximum of the emission barrier. Electrons, however, that have a finite 
p as they pass under the barrier maximum adhere lo WKB principles exactly, because 
dp/dx « 0 there. But the electron momentum function must satisfy equation (25) 
throughout much of the integration for l(tv, 6) for n good approximation , 

Then there is the function f(c, V) Uint multiplies live exponential in the complete WKB 
penetration probability (eq, (8)). The need for tills function is debatable, and In. any 
event, it causes differences of less than a factor of two in transmission coefficients at 
pertinent energy levels (ref. 5). If this refinement is deemed necessary, however, the 
present penetration probabilities can be multiplied by some apparently appropriate 
f(e,V), 

Finally, when all of those conditions lmve been properly mot, the TIP results can 
be used to approximate thermal, field omission. 

Lewis Research Center, 

National Aeronautics and Space 'Administration, 

Cleveland, Ohio, January 21, 19G5. 


APPENDIX - SYMBOLS 


C(af, E) coefficient Su exponent of pene- 
tration probability 

E electrostatic field, V/em 

E(K) complete elliptic integral of 

second ldtitl 

E{‘ 1 », K) incomplete elliptic integral 
of second kind 

e electronic charge 

F(K) complete t lltpl lo Integral of 

the first hind 

F(«l>, K) incomplete elliptic Integral 
of the first kind 

f fund ton 

h Planck's constant 

li Planck's constant divided by 2 tt 

I(cv, 6) integral in exponent of pene- 
tration probability 

i imaginary 

j current density, A/sq cm 

k wave number for electron 

wave 

K modulus of elliptic integral 

m electronic mass 

n 

NIP -c /4x, also refers to emis- 
sion model using oridinary 
image potential 

n(p) electron number density in 

phase space 

n(v x ) electron number density 

dimensional and x-di rooted 
velocity space 


P penetration probability 

p electronic momentum 

T absolute temperature, °K 

o 

TIP -e /('lx + c/<p), also refers to 

omission model using image 
potential that terminates at 
Fermi level on emitter 
surface 

V potential 

v velocity 

x dimension normal to emitter 

surface 

y dimension in emitter surface 

55 dimension normal to x and y 

« e(oE) 1 / 2 / ft 

ft fi + e(p - e 

V (l - 4(«/2) 2 /[l -t- (ty/2) 2 6] 2 j 1//2 

6 ft/C(p 

o mv x / 2 

7 ] eE(x e/<\ip)/ft 

k Boltzmann constant 

wavelength of electron wave 
ji Fermi level 

5 e m /li 

upper limit of elliptic integral 
<p work function 

4/ electronic wave function 


cn 


complex conjugate of ^ 


i/'* complex conjugate of ^ 

Subscripts; 

max maximum potential location 

RD iHehnrdsoii-Dushmim 

S Schollky 

TIP locmlnalcct image potential 

TIP-0 TIP zero ’ or dor approxima- 

tion 


TIP-1 

TIP first-order approxima- 
tion 

x,y,?. 

X, y, or z dimension * 

yz 

y-z dimension space 

0 

generalized inside turning 
point on emission barrier 

1 

Inner turning point aoove Fermi 
level on emission barrier 

2 

outer turning point on emission 
barrier 
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Itoeeully R, Grat'd (.I , Geopliys, Rseh, , V. 01, No. 10, p, 1005, AprllJ07{i) elaborated on Ills 
concept of using cold tungsten field eminent foe ''BpneoLM'U ft charging control" mul for environ* 
mental plasma diagnoses, The present paper suggests inti lend lliormal, field emitters of lan- 
tlmnnm (or perhaps eerlum) hoxaborldo (LuHq) with temperature variability up to -^1500 K, Such 
emitters operate at much lower voltages with eonsidorably more control ami add plmtmn- 
dinghoslle vorsnlllHy, Those pains should outweigh the additional complexity of providing heat 
for the liafij. thermal, field emitter, 


I A Nuy WudJi tSuggnili’il by Autliorftl) 

Spacecraft charging; Spacecraft environmental 
diagnostics; Field emlasloa; Thermal, field 
emission; Lanthanum ho.vaborlde; Cerium 
hoxaborldo; Tungsten 


111 Dluiltimlnn Sinimmmi 

Unciasstflod - unlimited 
STAR Category 80 


10. Sccmliy ClasUI. (ol ttili tuiKtri) 

J0 Sucuriiy Claiul. (al -his p;nj<il 

Jl. No of 1'iigtii 

'll flic l>‘ 

Unclassified 

Unclassified 




+ foi snip tiy Hip Nnlionnl Technical Itifonnnlion Service. Sprinplieftf . Vitjiini.i 221CI 







